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Center for Membrane Biology, Department of Biochemistry and Molecular Biology, University of Texas Medical School, Houston, TexasABSTRACT In most studied microbial rhodopsins two conserved carboxylic acid residues (the homologs of Asp-85 and Asp-
212 in bacteriorhodopsin) and an arginine residue (the homolog of Arg-82) form a complex counterion to the protonated retiny-
lidene Schiff base, and neutralization of the negatively charged carboxylates causes red shifts of the absorption maximum. In
contrast, the corresponding neutralizing mutations in some relatively low-efficiency channelrhodopsins (ChRs) result in blue
shifts. These ChRs do not contain a lysine residue in the second helix, conserved in higher efficiency ChRs (Lys-132 in the crys-
tallized ChR chimera). By action spectroscopy of photoinduced channel currents in HEK293 cells and absorption spectroscopy
of detergent-purified pigments, we found that in tested ChRs the Lys-132 homolog controls the direction of spectral shifts in the
mutants of the photoactive site carboxylic acid residues. Analysis of double mutants shows that red spectral shifts occur when
this Lys is present, whether naturally or by mutagenesis, and blue shifts occur when it is replaced with a neutral residue. A
neutralizing mutation of the Lys-132 homolog alone caused a red spectral shift in high-efficiency ChRs, whereas its introduction
into low-efficiency ChR1 from Chlamydomonas augustae (CaChR1) caused a blue shift. Taking into account that the effective
charge of the carboxylic acid residues is a key factor in microbial rhodopsin spectral tuning, these findings suggest that the Lys-
132 homolog modulates their pKa values. On the other hand, mutation of the Arg-82 homolog that fulfills this role in bacteriorho-
dopsin caused minimal spectral changes in the tested ChRs. Titration revealed that the pKa of the Asp-85 homolog in CaChR1
lies in the alkaline region unlike in most studied microbial rhodopsins, but is substantially decreased by introduction of a Lys-132
homolog or neutralizing mutation of the Asp-212 homolog. In the three ChRs tested the Lys-132 homolog also alters channel
current kinetics.INTRODUCTIONPhototaxis and the photophobic response in green flagellate
algae, such as the model organism Chlamydomonas rein-
hardtii, are mediated by a specific subclass of sensory rho-
dopsins (1,2) known as channelrhodopsins (ChRs) for their
ability to act as cation channels in heterologous systems
(3,4). The use of these unique proteins for light control of
membrane voltage and intracellular cation concentrations
has revolutionized the field of optogenetics, and they are
now considered for potential clinical applications; for re-
view see (5–7). Fourteen native ChR sequences have been
reported so far, but this number is only the tip of the iceberg,
taking into account the thousands of known phototactic
chlorophyte species.
All ChRs comprise a seven transmembrane-helix (7TM)
scaffold homologous to other microbial rhodopsins and an
additional large cytoplasmic domain. A recently obtained
crystal structure of the 7TM domain of C1C2, a chimeric
ChR (8), shows essential similarity with those of better char-
acterized haloarchaeal rhodopsins, such as bacteriorho-
dopsin (BR) (9,10) and Natronomonas pharaonis sensory
rhodopsin II (NpSRII) (11,12). Nevertheless, there are also
clear structural differences between ChRs and other known
microbial rhodopsins, especially in the first two helices.Submitted January 27, 2014, and accepted for publication March 6, 2014.
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0006-3495/14/04/1607/11 $2.00Identification of structural differences responsible for the
unique channel function of ChRs is a goal of ongoing
research.
As in all rhodopsins, the chromophore in ChRs is attached
via a Schiff base linkage to a conserved lysine in the seventh
helix. Retinal reconstitution studies in blind C. reinhardtii
mutants identified all-trans-retinal as the functional isomer
in vivo (13–15). However, HPLC analysis and resonance
Raman spectroscopy also indicated a significant amount of
13-cis isomer (up to 30% of the total) in the unphotolyzed
state of the 7TM domains of some ChRs (16,17). Two inde-
pendent photocycles for all-trans, 15-anti, and 13-cis, 15-
syn pigment forms have been proposed at least for the
C128T mutant of channelrhodopsin 2 from C. reinhardtii
(CrChR2) (18).
The photoactive sites of BR and NpSRII contain two car-
boxylates that form a complex counterion to the protonated
Schiff base (Asp-85/75 and Asp-212/201), an arginine resi-
due (Arg-82/72) and three water molecules. This overall
arrangement was also found in the ChR chimera, although
only one water molecule (W402) was resolved in the vicin-
ity of the Schiff base (8). Computational analysis of homol-
ogy models showed increased flexibility of W401 in the
retinal binding pocket of Chlamydomonas-type ChRs (19),
which may explain its absence from the crystal structure.
The side chain of the Arg-82 homolog in the ChR chimera
is found in a position similar to that in NpSRII rather than
in BR, i.e., it faces away from the Schiff base.http://dx.doi.org/10.1016/j.bpj.2014.03.002
1608 Li et al.The interaction between the positively charged Schiff
base and its negatively charged counterion is the major fac-
tor that determines the absorption maximum of retinylidene
proteins (20–22). Neutralization of the counterion carboxyl-
ates leads to reduction in the strength of this interaction and
a bathochromic shift of the absorption maximum that has
been observed in many prokaryotic rhodopsins (23–28).
Similar bathochromic shifts were also reported for relatively
high-efficiency ChRs: CrChR2 and PsChR, a channelrho-
dopsin from Platymonas subcordiformis (17,29).
Despite the overall similarity between the photoactive
sites of C1C2 and BR, the distances between the protonated
Schiff base and the photoactive site carboxylic acid residues
are different in the two structures, as are their hydrogen
bonding patterns (8). Empirical calculation yielded a lower
pKa value for the Asp-212 homolog than for the Asp-85
homolog in C1C2. In CrChR2 protonation of the Asp-212
homolog (Asp-253) concomitant with light-induced Schiff
base deprotonation was detected by time-resolved Fourier
transform infrared spectroscopy (FTIR), whereas no
such signal could be assigned to the Asp-85 homolog
(Glu-123) (30).
Previously, we probed intramolecular transfers of the
Schiff base proton in ChRs directly by photoelectric
measurements upon laser flash excitation (31). Fast outward
proton transfer currents were detected in relatively low-
efficiency ChRs, such as Chlamydomonas augustae chan-
nelrhodopsin 1 (CaChR1), but not in higher efficiency
ChRs. An anticorrelation between the ability to generate
detectable outward proton transfer current and channel
activity was observed. We found that two residues can act
as acceptors of the Schiff base proton in CaChR1. Both
outward proton transfer current and formation of the M
intermediate of the photocycle are slowed upon neutralizing
mutation of the Asp-85 homolog (E169Q) and accelerated
upon mutation of the Asp-212 homolog (D299N). These
findings indicate that in the absence of the second photo-
active site carboxylate, Glu-169 acts as a more efficient
(i.e., primary) proton acceptor than Asp-299 in the absence
of Glu-169.
In this study, we extend our analysis to pH dependence of
the absorption spectrum in wild-type (WT) CaChR1 and its
mutants. The results show that in the WT the Asp-85 homo-
log (Glu-169) has a pKa~9, but this value is substantially
decreased upon neutralization of the second photoactive
site carboxylate (Asp-299). An even greater decrease in
pKa was observed upon introducing a Lys residue in the po-
sition corresponding to Lys-132 of C1C2, which in WT
CaChR1 is occupied by a Phe residue. Furthermore, we
have found that the presence of the Lys-132 homolog deter-
mines the direction of the spectral shifts measured upon
replacement of the photoactive site carboxylic acid residues
with nonionizable residues in tested ChRs at neutral pH.
Red spectral shifts were detected when this Lys was present,
whether naturally or by mutagenesis, and blue shifts wereBiophysical Journal 106(8) 1607–1617measured when it was replaced with a neutral residue. These
results indicate a role of the Lys-132 homolog in modulation
of the effective charge of the photoactive site carboxylic
acid residues in tested ChRs, whereas the influence of the
Arg-82 homolog (BR numbering) on color tuning is
minimal.MATERIALS AND METHODS
Whole-cell patch clampmeasurements in HEK293
cells
The mammalian expression constructs that contained cDNAs encoding the
7TM domains of CaChR1 (amino acid residues 1–352), DsChR1 (residues
1–365), and PsChR (residues 1–326) in frame with an EYFP tag were as
described previously (31). The construct for C1C2 (residues 1–356) was
made as in (8). Single and double mutations were introduced using a Quik-
Change XL site-directed mutagenesis kit (Agilent Technologies, Santa
Clara, CA) and verified by DNA sequencing. HEK293 (human embryonic
kidney) cells were transfected as described (31). Fabrication of patch
pipettes and contents of pipette and bath solutions were as before (31).
The pH of the bath solution was 7.4 unless otherwise stated.
Continuous illumination was provided by a Polychrome IV light
source (T.I.L.L. Photonics GMBH, Grafelfing, Germany) pulsed with a
mechanical shutter (Uniblitz model LS6, Vincent Associates, Rochester,
NY; half-opening time 0.5 ms, maximal quantum density at the focal plane
of the 40 objective lens ~2 1022 photonsm2 s1). Laser excitation
was provided by Minilite Nd:YAG laser (532 nm, pulsewidth 6 ns, energy
12 mJ; Continuum, Santa Clara, CA). The signals were recorded with an
Axopatch 200B amplifier and digitized with a Digidata 1440A using the
pClamp 10.2 software (all from Molecular Devices, Union City, CA) at
the sampling rate 4 and 200 ms/point, respectively, for laser and Polychrome
excitation.
To determine the action spectra, photocurrents were recorded in response
to 50-ms light pulses in the linear range of the stimulus-response curve
(usually 5% of the maximal intensity) with a 30-s dark interval between
consecutive pulses. The wavelength was increased in 10-nm steps and
then decreased in a mirror sequence, and the signals from the forward
and reverse series were averaged to eliminate possible changes in sensitivity
of the response during experiments. The initial slopes of the photocurrent
were corrected for the quantum output of the light source at a given wave-
length. The precise positions of the spectral maxima were determined by
Gaussian fit of 4–5 data points around the main peak with the baseline fixed
at zero.Expression and purification of pigments from
Pichia pastoris
Expression constructs contained the 7TM domains of ChRs with a TEV pro-
tease site at the N-terminus and a nine-His tag at the C-terminus in the
pPIC9K vector backbone (Invitrogen, Carlsbad, CA). Geneticin-resistant
P. pastoris clones were selected according to the manufacturer’s instruc-
tions. Protein expression and purification on a Ni-NTA column (Qiagen,
Hilden, Germany) were carried out as described (32). For absorption mea-
surements the protein samples were concentrated in 100 mM NaCl, 0.01%
DDM, 20 mM HEPES (pH 7.4, unless otherwise stated).Absorption spectroscopy and flash photolysis
Absorption spectra of partially purified ChRs in the UV-Visible range were
recorded on a Cary 4000 spectrophotometer (Varian, Palo Alto, CA). pH
titration was carried out by the addition of small volumes of 1 M NaOH,
AHelix B Lysyl in Channelrhodopsins 16090.5 M Tris (pH 10), 0.5 M citric acid, or 1 M HCl. Light-induced absorption
changes of Pichia-expressed pigments were measured with a laboratory-
constructed crossbeam apparatus, essentially as described (17), but for
pigments with fast photocycles data were acquired with a GaGe Octopus
digitizer board (model CS8327, DynamicSignals LLC, Lockport, IL) at
the sampling rate up to 40 ns/point. Data analysis was performed with
pClamp 10.2 (Molecular Devices) and OriginPro 7 (OriginLab, Northamp-
ton, MA) software.Structural modeling
Homology models of WT CaChR1 and its mutants were built by the Swiss-
Model server using the C1C2 structure (3ug9) (8) as a template. The
PROPKA 3.1 method (33) was used for empirical prediction of pKa values
for these models.B
C
FIGURE 1 The action spectra of channel currents (symbols and dashed
lines in A, symbols and solid lines in B and C) generated in HEK293 cells
by: (A) CaChR1 and its E169Q and D299N mutants; (B) WT DsChR1 and
its A178E and A178E_E309Q mutants; (C) C1C2 and its E162Q and
D292N mutants. Currents generated by the mutants of CaChR1 were
measured at pH 5.4 because at pH 7.4 their amplitude was at the noise level.
In all panels squares show the data from the pigments in which both photo-
active site carboxylic acid residues are present, circles from the pigments in
which the Asp-85 homolog is absent, and triangles from the pigments in
which the Asp-212 homolog is absent. The solid lines in (A) show absorp-
tion spectra of detergent-purified WT CaChR1 and its E169Q and D299N
mutants at pH 5.4. To see this figure in color, go online.RESULTS
Replacement of the photoactive site carboxylic
acid residues with nonionizable residues causes
opposite spectral shifts in two groups of ChRs
In all tested ChRs substitution of the photoactive site car-
boxylic residues with nonionizable residues reduces the
amplitude of channel currents (4,8,31). Here, we examined
the influence of such mutations on color tuning in ChRs by
action spectroscopy of photoinduced electrical currents in
HEK293 cells. This approach allowed us to assess proper-
ties of ChRs in their functional state in biological mem-
branes and rapidly screen numerous mutants. Channel
currents were recorded in response to short light pulses of
variable wavelength in the linear range of the stimulus-
response curve, and action spectra were determined as
described in the Materials and Methods and (34).
In low-efficiency CaChR1 mutations of the residues cor-
responding to Asp-85 and Asp-212 of BR (E169Q and
D299N) caused pronounced blue shifts as compared to the
WT (Fig. 1 A). The same spectral dependence on the pres-
ence of the carboxylic residues in the photoactive site was
found in another low-efficiency ChR, DsChR1. This protein
has an Ala residue in the position of Asp-85, where gluta-
mate is found in all other known ChRs (35). The action spec-
trum of channel currents generated by the WT DsChR1,
which contains only the Asp-212 homolog (Glu-309), was
blue-shifted with respect to that of the DsChR1_A178E
mutant, in which both photoactive site carboxylic acid
residues are in place (Fig. 1 B, circles and squares); see
also (35). The E309Q mutation introduced in the
DsChR1_A178E background (i.e., with glutamate in the
Asp-85 position) also caused a blue shift of the action spec-
trum (Fig. 1 B, triangles).
In contrast, the corresponding mutations in relatively
high-efficient CrChR2 and PsChR caused red spectral shifts
(17,29), as in most other microbial rhodopsins. Similar
results were observed in the C1C2 chimera, the only ChR
for which high-resolution structural data are available (8).
Mutation of either of the photoactive site carboxylicresidues to nonionizable residues caused red spectral shifts
in C1C2 (Fig. 1 C), as predicted by computational studies
(36,37). Although this chimera mostly consists of CrChR1
(helices 1–5), in this respect it resembled more CrChR2Biophysical Journal 106(8) 1607–1617
1610 Li et al.than CrChR1, in the latter of which practically no spectral
shift was reported upon neutral residue substitution of the
Asp-85 homolog (38). Mutation of the Asp-85 homolog
caused a larger red shift than that of the other carboxylic
residue in high-efficiency C1C2 and PsChR, whereas muta-
tion of the Asp-212 homolog caused a larger blue shift in
low-efficiency CaChR1. Numerical values of spectral max-
ima are summarized in Table 1.
One possible explanation for the observed blue-shifted
spectra of the CaChR1_E169Q and D299N mutants would
be a larger fraction of 13-cis retinal than in the WT, which
is responsible for a blue spectral shift after dark adaptation
of BR (39) and light adaptation of Anabaena sensory
rhodopsin (40). When probed by preresonance Raman scat-
tering (785-nm excitation), the fraction of 13-cis retinal was
found to be slightly increased in the E169Q mutant
compared to the WT, but the magnitude of this change
was too small to explain the blue shift we observe (personal
communication from Prof. Kenneth J. Rothschild, Boston
University).
Another possibility we considered was that the measured
blue spectral shifts of the CaChR1_169Q and D299N
mutants reflect binding of a Cl ion, as occurs, for example,
in the BR_D85N_D212N double mutant, the absorption
maximum of which is close to that of WT BR (41). How-
ever, no spectral changes were observed in the CaChR1 mu-
tants after their transfer from a 100 mM Cl solution to that
of SO4
2-(data not shown).A Lys residue in the second helix determines the
direction of the spectral shift in ChRs
Sequence alignment revealed that ChRs in which mutations
of the photoactive site carboxylic residues cause red spectral
shifts contain a conserved Lys residue in the position 132
(CrChR1/C1C2 numbering), whereas in those that show
blue spectral shifts upon corresponding mutations this posi-
tion is occupied by a different residue (Fig. 2, left). Accord-
ing to the C1C2 structure (8), the side chain of Lys-132 is
located within hydrogen bonding distance from oxygen
atoms of both photoactive site carboxylic acid residues
(Fig. 2, right).
To test the role of the Lys-132 homolog in the direction of
spectral shifts induced by mutation of the carboxylic acid
residues at the photoactive site, we generated three series
of double mutants. In low-efficiency CaChR1 this positionTABLE 1 Peak wavelength (nm) of action spectra for channel curre
numbers are according to the C1C2 sequence)
WT E162Q D292N K132F
CaChR1 519 513 509 482
C1C2 476 493 485 489
PsChR 442 473b 459b 455
aIn CaChR1 a Phe residue was mutated to Lys, and in C1C2 and PsChR a Lys
bData are from (17).
Biophysical Journal 106(8) 1607–1617is occupied by Phe. In the CaChR1_F139K mutant back-
ground replacement of either of the carboxylic acid residues
with nonionizable residues led to red shifts (Fig. 3 A). On
the other hand, when the Lys-132 homolog was mutated
to Phe in C1C2 and PsChR, the corresponding mutations
of the carboxylic acid residues led to blue shifts (Fig. 3, B
and C).
Interestingly, in all three examined ChRs (low-efficiency
CaChR1 and high-efficiency C1C2 and PsChR), the pig-
ments with Phe at the Lys-132 position showed red-shifted
spectra relative to the corresponding pigments with Lys,
regardless of whether this form was the WT or obtained
by mutagenesis, although in CaChR1 the shift was larger
than in C1C2 and PsChR (Fig. 4). The absorption spectrum
of Pichia-expressed detergent-purified CaChR1_F139K
was also blue-shifted with respect to the WT and showed
a pronounced fine structure similar to that of WT CrChR2
(Fig. 4 A).
Vertical excitation energy calculation by a combined
quantum mechanics/molecular mechanics (QM/MM)
approach predicted a blue shift upon neutralization of Lys-
132 in C1C2 (36,37). In the latter study the spectral shift
was specifically computed for the K132G mutant. As
different substitutions of the same residue can sometimes
cause different effects, we also tested this particular mutant
in addition to C1C2_K132F. The spectra of currents gener-
ated by the two mutants were indistinguishable and showed
a 13-nm bathochromic shift relative to the WT (Fig. 4 B),
i.e., in the opposite direction than predicted by the
calculations.The pH titration of the absorption spectrum of
CaChR1 provides additional evidence for the
existence of two alternative acceptors of the
Schiff base proton
WT CaChR1 and its mutants could be expressed and puri-
fied from Pichia, which allowed us to measure the depen-
dence of their spectra on pH over a wider range than HEK
cells can tolerate. The absorption maximum ofCaChR1 pro-
gressively shifted to longer wavelengths within the entire
tested range from pH 10 to 2 (Fig. 5, squares), which is
typical for neutralization of the Schiff base counterion in
all other microbial rhodopsins. Three spectral transitions
of unequal amplitudes could be identified in the titration
curve of WT CaChR1. The largest transition occurred atnts generated by WT and mutant ChRs in HEK293 cells (residue
a K132Fa_E162Q K132Fa_D292N R159A
518 519 510
485 476 478
452 442 442
residue was mutated to Phe.
FIGURE 2 (Left) AClustal Walignment of helix
B regions in reported ChRs from the following
algal species (abbreviated by the first two or three
letters in the sequence title): Chlamydomonas rein-
hardtii, Volvox carteri, Pleodorina starrii,
C. raudensis, Platymonas subcordiformis,
C. augustae, C. yellowstonensis, Haematococcus
pluvialis, Dunaliella salina, Mesostigma viride,
and Pyramimonas gelidicola. Lysine residues cor-
responding to Lys-132 (CrChR1/C1C2 numbering,
because from the N-terminus to beyond the shown
portion of the C1C2 derives from CrChR1) are
highlighted yellow, and glutamate residues green.
(Right) An overlay of photoactive site structures
of BR (1c3w, yellow), NpSRII (1jgj, blue), and
C1C2 ChR (3ug9, red) generated by DeepView
software.
Helix B Lysyl in Channelrhodopsins 1611pH~9, which is consistent with the results obtained by action
spectroscopy of channel currents measured at pH 7.4 and 9
(32), although the magnitude of the spectral shift was
smaller in cells than in the purified pigments likely due to
the influence of the membrane lipids and/or a different ionic
composition of the cell interior. The spectral transitions
observed at acidic pH showed much smaller amplitudes,
but nevertheless could be fit to yield pKas 5.5 and 2.7.
When the Asp-85 homolog was replaced with a nonioniz-
able residue in the CaChR1_E169Q mutant, the major tran-
sition with pKa~9 disappeared (Fig. 5 A, circles), indicating
that the transition reflects mainly protonation/deprotonation
of this residue. The results of empirical pKa calculations
supported this assignment. The PROPKA3.1 algorithm
(42) identified the Asp-85 and Asp-212 homologs in
CaChR1 as noncovalently coupled residues, and the pKa
of the former predicted taking this into account was very
close to our experimental value (Table 2).
Our earlier study (31) showed that in CaChR1 the Asp-
212 homolog serves as an alternative proton acceptor.
Therefore, we expect one of the minor acidic transitions
to be attributable to its protonation/deprotonation. We hy-
pothesized that it is the transition with pKa 5.5 because in
the CaChR1_E169Q mutant the amplitude of the first acidic
transition increased and its pKa shifted from 5.5 to 3.9
(Fig. 5 A, circles), as expected after elimination of one of
the two alternative acceptors. Our interpretation was
confirmed by measurements of the pH dependence of the
M intermediate amplitude. The pKa of a strong decrease
in the M amplitude upon acidification was very close to
that of the first acidic spectral transition (Fig. S1 in the Sup-
porting Material). The experimentally determined value 5.5
was between those predicted for the Asp-212 homolog
(Asp-299) by using PROPKA software with and without
the coupling option (Table 2).
Previously, we had shown that the rates of M intermediate
formation and outward transfer of the Schiff base proton are
slowed in the E169Q mutant and accelerated in the D299N
mutant of CaChR1, suggesting that the Asp-212 homologacts as a less efficient (secondary) proton acceptor in this
pigment (31). The smaller amplitude of spectral transition
that we assign to protonation of Asp-299 than that of Glu-
169 corroborates this conclusion. A weaker influence of
the Asp-212 homolog protonation state on the absorption
spectrum in CaChR1 may indicate its position more distant
from the Schiff base and/or a weaker interaction of this res-
idue with the Schiff base than that of the Asp-85 homolog. If
this interpretation is correct, the active site of CaChR1 is
more similar in this respect to that of BR than to that of
the C1C2 chimera. Note that given their pKa values, our
data indicate that in CaChR1 the Asp-212 homolog is the
predominant Schiff base proton acceptor in the typically
near-neutral pH conditions used in optogenetic applications.
An FTIR study reports a similar conclusion forCrChR2 (30).The pKa of the Asp-85 homolog in CaChR1 is
controlled by the Asp-212 homolog and the Lys-
132 homolog
When the Asp-212 homolog was neutralized in the
CaChR1_D299N mutant, the major spectral transition
shifted to pH~4 (Fig. 5 B, circles). Our interpretation of
this result would be a decrease in pKa of Glu-169 due to a
reduction of the local negative charge or hydrogen bonding
(43) resulting from mutation of Asp-299. This shift in pKa of
Glu-169 was much larger than that of Asp-299 measured
after mutation of Glu-169. Such asymmetry was also pre-
dicted by empirical calculation of pKa values using homo-
logy models (Table 2).
Introduction of a lysine residue in the position of Lys-132
in CaChR1 caused an even more pronounced shift of the
titration curve to lower pH values evident in the F139K
mutant (Fig. 5 C, circles), indicating an even greater
decrease in the pKa of Glu-169 than upon neutral residue
replacement of Asp-299, also predicted by empirical calcu-
lations (Table 2). Furthermore, introduction of the Lys-132
homolog in CaChR1 caused even stronger acceleration of
M formation (Fig. 6 A) and of outward proton transferBiophysical Journal 106(8) 1607–1617
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FIGURE 3 Action spectra of channel currents generated in HEK293 cells
by ChRs with the modified Lys-132 position and their carboxylic acid res-
idue mutants: (A) CaChR1_F139K; (B) C1C2_K132F; (C) PsChR_K76F.
In all panels squares show the data from the pigments in which both photo-
active site carboxylic acid residues are present, circles in which the Asp-85
homolog is absent, and triangles in which the Asp-212 homolog is absent.
To see this figure in color, go online.
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FIGURE 4 (A) The action spectra of channel currents (symbols and
dashed lines in A, symbols and solid lines in B and C) generated in
HEK293 cells by: (A) CaChR1 and its F139K mutant; (B) C1C2 chimera
and its K132F and K132G mutants; (C) WT PsChR and its K76F mutant.
The solid lines in (A) show the absorption spectra of detergent-purified pig-
ments. In all panels solid squares show the data from the pigments in which
the Lys-132 homolog is present, and open circles and triangles in which it is
absent. To see this figure in color, go online.
1612 Li et al.current (Fig. 6 B) relative to the WT, than was previously
observed in the CaChR1_D299N mutant (31).The Lys-132 homolog regulates channel current
kinetics
It has previously been reported that alanine substitution for
Lys-132 in the C1C2 chimera did not change the amplitudeBiophysical Journal 106(8) 1607–1617of channel currents, but led to acceleration of their kinetics
and an increase in inactivation under continuous illumina-
tion (8). We observed similar changes, as compared to the
WT, in PsChR when the corresponding Lys-76 was replaced
with Phe found at this site in CaChR1 (Fig. 7 A). Intro-
ducing a lysine at the respective position in CaChR1 (the
AB
C
FIGURE 5 pH titration of the absorption maximum of detergent-purified
WT CaChR1 (squares, the same data are shown in all three panels for refer-
ence) and its mutants (circles): E169Q (A), D299N (B), and F139K (C). To
see this figure in color, go online.
TABLE 2 PROPKA calculated pKa values of the photoactive
site residues in WT CaChR1 and its mutants (residue numbers
are according to the CaChR1 sequence)
WT E169Q D299N F139K R166A
Glu-169 10.89 (8.85)a N/A 5.77 5.57 (3.52) 10.97 (8.94)
Asp-299 4.9 (6.93) 4.54 N/A 2.91 (4.94) 5.13 (7.17)
Lys-139 N/A N/A N/A 13.99 N/A
aThe numbers in parentheses were calculated using a program option for
coupled residues (42).
A
B
FIGURE 6 (A) Absorbance changes monitored at 390 nm in WT
CaChR1 (open circles, dashed line) and its F139K mutant (solid circles,
solid line) in response to a 6-ns laser flash (532 nm). The arrow shows
the difference in the time of the half-maximal amplitude of the signal.
(B) Outward proton transfer currents recorded upon laser excitation from
WT CaChR1 (dashed line) and its F139K mutant (solid line) expressed
in HEK293 cells at the reversal potential for channel currents to minimize
their contribution to the signal kinetics. The current kinetics is limited by
the time resolution of the measuring system. In both panels the signals
were normalized to their maximal values.
Helix B Lysyl in Channelrhodopsins 1613F139K mutant) caused a very dramatic decrease in the cur-
rent decay rate and reduction of inactivation (Fig. 7 B).
Slower current decay in the CaChR1_F139K mutant corre-
lates with a significant slowing of the photocycle (see
Fig. S3).
To summarize, regardless of whether this lysine residue
was initially present in the WT or introduced by mutation,
slower currents were observed with the Lys than without it
in each of the three tested ChRs, although the degree ofthis effect was much greater in CaChR1 than in C1C2 and
PsChR. Introduction of the Lys-132 homolog in CaChR1
did not significantly change the amplitude of channel cur-
rents, i.e., it did not convert CaChR1 into a high-efficiency
ChR. Therefore, although this Lys is found mostly in ChRs
capable of generating greater channel currents, the residue
itself is not sufficient for high efficiency.Biophysical Journal 106(8) 1607–1617
AB
FIGURE 7 Photocurrents generated in HEK293 cells by: (A) WT PsChR
(solid line) and its K76F mutant (dashed line); (B) WT CaChR1 (dashed
line) and its F139K mutant (solid line). Excitation wavelengths were (in
nm): 440 for PsChR, 450 for PsChR_K76F, 520 for CaChR1, and 470
for CaChR1_F139K. In both panels the traces were normalized to their
maximal value. Light excitation protocol is shown at the top. The numbers
are time constants (t) of current decay generated by its fitting with exponen-
tial functions.
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Finally, we tested a possible role of the Arg-82 homolog in
color tuning in CaChR1, C1C2, and PsChR by generation
of their alanine replacement mutants (CaChR1_R166A,
C1C2_R159A, and PsChR_R103A). In CaChR1 and
PsChR the substitution led to a strong reduction of channel
currents as reported for C1C2 (8) and CrChR2 (44). How-
ever, the influence of alanine replacement of the Arg-82
homolog on action spectra was very minor in all three
tested ChRs (Fig. S2) as predicted by PROPKA in CaChR1
(Table 2).DISCUSSION
In the unphotolyzed state of BR and NpSRII the photoactive
site carboxylates are unprotonated, and their interaction
with the positively charged Schiff base makes the largest
contribution to spectral tuning (20–22). The residue corre-
sponding to Asp-212 in BR is conserved as a carboxylicBiophysical Journal 106(8) 1607–1617acid residue in all known ChRs, and the position of
Asp-85 is occupied by Glu in all ChRs except DsChR1 (in
which a glutamate residue is found in the Asp-212 position).
From comparative analysis of M formation and intramolec-
ular proton transfer currents, we concluded previously that
the Asp-85 and Asp-212 homologs act as alternative accep-
tors of the Schiff base proton in low-efficiency ChRs such as
CaChR1 (31). The pH titration data presented here show
that in WT CaChR1 the Asp-85 homolog has pKa ~9. The
pH of algal cultures reach values as high as 10–11 without
growth inhibition ((45) and our unpublished observations),
under which condition the more efficient Asp-85 homolog
would be expected to act as the main Schiff base proton
acceptor. However, under neutral or acidic conditions the
Asp-85 homolog is neutral and the Schiff base proton is
transferred to an alternative acceptor—the Asp-212
homolog.
The protonation states of the photoactive site carboxylic
acid residues have been probed by vibrational spectroscopy
in CrChR2, the most popular ChR used as an optogenetic
tool. A time-resolved FTIR study identified the Asp-212
homolog (Asp-253) rather than the Asp-85 homolog
(Glu-123) as an acceptor of the Schiff base proton at neutral
pH (30). In contrast to BR, in which neutralization of either
Asp-85 or Asp-212 resulted in a dramatic inhibition of M
formation (46), the D253N mutation hardly affected it in
CrChR2 (30), which argues for the existence of an alterna-
tive proton acceptor.
In BR neutralization of positively charged Arg-82 leads
to a considerable red shift, as do neutralization of the photo-
active site carboxylic acid residues, indicating that their
effective charge is modulated by Arg-82 (47–49). The shift
is smaller in NpSRII (50,51), where the side chain of the
corresponding Arg-72 is directed away from the Schiff
base. The position of this side chain is stabilized in NpSRII
by a salt bridge between the positively charged guanidine
moiety and the negatively charged Asp-193, a residue ab-
sent in BR (20). We found only a small influence of the
Arg-82 homolog on wavelength regulation in the C1C2
chimera, in which a similar outward direction of the corre-
sponding side chain was shown by x-ray crystallography.
Our results confirm computational predictions for this resi-
due in C1C2 (36,37) and suggest its similar geometry in
CaChR1 and PsChR, for which crystal structures are not
available.
In the crystallized C1C2 chimera the side chain of Lys-
132 is located within hydrogen bonding distance of the
homologs of Asp-85 and Asp-212 that form a complex
counterion in BR (8). Our mutant analysis provides direct
evidence for the role of the Lys-132 homolog in wavelength
regulation in ChRs: its substitution with a neutral residue
caused a red spectral shift in both C1C2 chimera and
PsChR, whereas its substitution for native Phe in CaChR1
caused a large blue shift. Furthermore, this lysine also deter-
mined the direction of the spectral shifts observed upon
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When the Lys-132 homolog was present, whether naturally
or introduced by mutagenesis, red shifts were detected in
neutral residue substitutions mutants of the Asp-85 and
Asp-212 homologs, as expected from a weakened electro-
static interaction with the Schiff base; when the Lys-132 ho-
molog was absent, atypical blue shifts were measured.
The following scheme can be suggested to explain the
blue shifts measured in the CaChR1_E169Q and D299N
mutants and corresponding mutants of other ChRs that
lack the Lys-132 homolog. Neutralization of Asp-299 de-
creases the pKa of Glu-169 that strongly interacts with
retinal and is neutral in the WT near neutral pH. The result-
ing generation of a negative charge near the Schiff base
causes a blue spectral shift. Similarly, neutralization of
Glu-169 decreases the pKa of Asp-299. This decrease is
smaller and the interaction of this residue with retinal is
weaker, and consequently the resultant blue shift is smaller
than upon mutation of Asp-299. Our results indicate that the
Lys-132 homolog controls the effective charge of the photo-
active site carboxylic acid residues in tested ChRs in a
manner similar to that of Arg-82 in BR (47–49).
In a previous study (31) we detected outward proton
transfers only in ChRs that generate relatively small net
channel currents (low-efficiency ChRs). Moreover, within
this group an anticorrelation between the amplitude of chan-
nel current and fast outward proton transfer was observed,
which led us to suggest that channel function evolved in
ChRs at the expense of their putative ancestors’ proton
transfer function. Although the presence of the Lys-132 ho-
molog is more typical of native ChRs capable of generating
greater net channel currents, the results of our mutant anal-
ysis showed that this residue itself is not solely responsible
for their high efficiency. Nor does the presence of the Lys-
132 homolog guarantee the lack of a detectable fast outward
proton transfer in a particular ChR variant, as exemplified
by VcChR1 that does contain this residue and yet exhibits
fast outward proton transfer current (31).
It should be noted that color tuning in ChRs does not
appear to be confined to residues in the retinal binding
pocket. For example, Glu-87 was identified as a key residue
that controls pH-dependence of wavelength regulation in
CrChR1 (52). Using homology modeling, the authors sug-
gested that Glu-87 corresponds to Met-20 in BR and forms
part of the complex counterion in CrChR1. However, the
C1C2 crystal structure (8) revealed that in fact this residue
is located close to the outside membrane surface. Computa-
tional analysis of C1C2 structure also predicted significant
contributions of two other outside surface residues, Lys-
209 and Arg-213, to color tuning (36), but experimental
tests of these predictions have not been reported.
The absorption spectrum of detergent-purified WT
CaChR1 matched the action spectrum of channel currents
generated by this protein at the same bath pH ((32) and
this work). However, for several CaChR1 mutants weobserved a small blue shift of the absorption spectra as
compared to the respective action spectra. Similar observa-
tions have been reported previously for WT CrChR1 (53)
and PsChR (17). One explanation could be the influence
of membrane lipids and/or the difference in the ionic
composition on spectral properties of the pigments. Alterna-
tively, this difference may reflect the existence of a substan-
tial nonfunctional pigment fraction (e.g., containing 13-cis
retinal) that contributes to the absorption spectrum of the
purified preparation, but not to the action spectrum of
photocurrents.
Interestingly, the action spectrum of CrChR1-mediated
photoreceptor currents measured in intact C. reinhardtii
cells peaks at 510 nm (1), but that of channel currents in het-
erologous systems only at 497 nm even at nonphysiological
pH 5.5 (53). The absence of the C-terminal domain in
expression constructs does not influence CrChR1 spectral
properties (32), and factors responsible for red shifting the
spectrum in native algal cells remain to be identified.
Despite ever growing interest in ChRs for optogenetic ap-
plications, our understanding of the relationship between
their structure and function is still very limited. Determina-
tion of factors that contribute to wavelength regulation in
these pigments is not only of fundamental importance for
basic photoscience, but is also needed for rational design
of optogenetic tools. Extension of ChR absorption to longer
wavelengths is desirable to minimize scattering by biolog-
ical tissue, and availability of molecules with nonoverlap-
ping spectra is required for multimodal optical control.SUPPORTING MATERIAL
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